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Abstract
We report the compositions and size distributions of aerosol particles in typical polar
stratospheric clouds (PSCs) observed between 24 January and 28 February 2005 in
the Arctic stratosphere. The results are obtained by combining the extinction mea-
surements made by the Atmospheric Chemistry Experiment (ACE) Fourier-Transform 5
Spectrometer and the visible/near IR imagers on the SCISAT satellite. The extended
wavenumber range provided by this combination (750 to 20000cm
−1) enables the re-
trieval of aerosol particle sizes between 0.05 and 10µm as well as providing extensive
information about the compositions. Our results indicate that liquid ternary solutions
with a high (>30wt%) content of HNO3 were the most probable component of the 10
clouds at the (60–70
◦ N) latitudes accessible by ACE. The mean size of these ternary
aerosol particles is in the range of 0.3 to 0.8µm. Less abundant, although still frequent,
were clouds composed of NAT particles having radii in the range of 1µm and clouds
of ice particles having mean radii in the 4–5µm range. In some cases, these last two
types were found in the same observation. 15
1 Introduction
To a large extent, the depletion of polar stratospheric ozone is controlled by the pres-
ence of PSCs, which at very low temperatures, can be quite extensive (von Hobe et
al., 2006). Many satellite-based PSC observations, including those by POAM (Po-
lar Ozone and Aerosol Measurement), SAGE (Stratospheric Aerosol and Gas Experi- 20
ment), CLAES (Cryogenic Limb Array Etalon Spectrometer), ISAMS (Improved Strato-
spheric and Mesospheric Sounder), MIPAS (Michelson Interferometer for Passive At-
mospheric Sounding) and ILAS (Improved Limb Atmospheric Spectrometer, Fromm et
al., 2003; Hopfner et al., 2002; Lambert et al., 1996; Massie et al., 1997; Sasano et al.,
2005) have provided a multi-decade record that shows that there is a good correlation 25
between ozone depletion and PSC volume, both of which increase dramatically with
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decreasing stratospheric temperatures (Rex et al., 2006).
Both the bulk and surfaces of stratospheric aerosol particles provide sites where inert
chlorine is converted into active forms that can then be photolysed to form Cl and ClO
radicals, initiating ozone depletion (Solomon, 1999; Tilmes et al., 2006; MacKenzie
et al., 2000). At reduced temperatures, the condensation of HNO3 onto pre-existing 5
aerosol particles causes denitriﬁcation of the stratosphere (Tabazadeh et al., 2000),
which delays the conversion of reactive ClO to the more inert ClONO2. The clouds
resulting from this process are composed mostly of HNO3 (in terms of weight fraction)
and form an important subset of PSCs. At even lower temperatures, clouds composed
primarily of ice particles can form (Blum et al., 2006) which, in some cases, are thought 10
to serve as nuclei for further deposition of nitric acid as NAT (Fueglistaler et al., 2003).
Laboratory measurements, in combination with some of these observations, have also
led to the suggestion that under some conditions, PSCs also may consist of droplets of
a supercooled ternary solution (STS) of H2SO4, HNO3 and H2O (Larsen et al., 2000;
Massie et al., 1998; Norman et al., 2002). All these components can be thought of as 15
members of the STS system, the equilibrium properties of which under stratospheric
conditions are now well-documented (Carslaw et al., 1995). The formation of these
PSCs is expected to become more frequent and extensive as stratospheric cooling by
greenhouse gases increases (Knudsen et al., 2004; Schnadt et al., 2002; Danilin et al.,
1998). 20
Much of the work in this area is designed to provide information that will enable
stratospheric models to predict accurately the conditions under which PSCs form
(Davies et al., 2005). Although many studies have been conducted, this goal has
not yet been achieved. To date, only a very small fraction of the PSCs that form during
any particular winter have been observed and in general, each measurement only re- 25
trieves a subset of the relevant PSC properties (size distribution, composition, phase,
etc.). In most cases the measurements are somewhat indirect, relying on assumptions
about some properties (e.g. composition) that are not observed directly. Moreover, the
physical and chemical conditions of the stratosphere vary considerably from one year
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to the next, further reducing the number of cases where comparable measurements
can be made under similar conditions of temperature and gas phase composition. As
a result, our knowledge of the kinetics of nucleation, phase transitions, and growth of
PSC particles, is still incomplete. These uncertainties, complicated by complex polar
vortex dynamics, make it diﬃcult to model the formation and temporal evolution of polar 5
stratospheric clouds.
In the following, we report the simultaneous measurement of the size distribution
and composition of selected PSCs observed by the ACE-FTS and the NIR and visible
Imagers on the SciSat satellite (Bernath et al., 2005). The results were obtained using
a retrieval procedure developed in our group (Zasetsky et al., 2007) that uses atmo- 10
spheric extinction measurements ranging across the mid-infrared, near- infrared and
visible regions. The absorption features recorded by the FTS in the mid infrared start-
ing at about 750cm
−1 provide information on the chemical composition of aerosol parti-
cles, while the extinction measurements in the extended spectral region from 750cm
−1
up to 20000cm
−1 put tight restrictions on the retrieved size distribution of the aerosol 15
particles.
2 Remote sensing measurements
The instruments on the SCISAT satellite operate in solar occultation mode. The FTS
has a spectral bandwidth of 750 to 4170cm
−1 (2.4 to 13.3µm) and a resolution of
0.02cm
−1. In the present work, we have analyzed sunrise observations made during 20
the winter of 2005. The tangent points for the occultations showing PSC events during
this period are clustered in the longitude range between 25
◦ W and 70
◦ E and between
latitudes 60
◦ N and 67
◦ N. Overall, 20 optically dense clouds – cases where the total
aerosol condensed phase volume exceeds 0.5µm
3/cm
3 – were observed. The ﬁrst
cloud analysed was observed on 24 January 2005 at 65
◦ N and 53
◦ E. The highest 25
frequency of cloud observations was between 26 January and 28 February 2005.
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3 Retrieval details
The procedure for retrieval of the aerosol size distributions and volume densities is
based on the assumption that the measured aerosol spectrum is a linear superposition
of the extinction spectra of all sizes and compositions of the particles in the observed
PSC. The technique is based on a weighted least squares minimization procedure, in 5
which the weighting coeﬃcients depend on the structure of the extinction spectra. The
weighting procedure assigns higher weights to the spectral regions least aﬀected by the
gas phase absorption. It is also designed to take account of the contribution of spectral
regions having heavily overlapped gas phase bands that mimic the broad absorption
features of condensed phases. The retrieval uses a library reference spectra, which 10
are computed monodisperse extinction spectra of the components expected to occur
in the observed spectrum. It uses these reference spectra in a least squares approach
that varies the size distribution to minimize the square of the diﬀerence between the
(weighted) measured spectrum and trial spectra computed for a range of assumed
compositions and sizes, as shown in the following expression: 15
min
P kW(M − K · P)k
2 (1)
where M is the measured spectrum, W is the weight matrix, K is the library of reference
spectra and P is the size distribution vector on which the (non-negative) least squares
minimization is done. In recent laboratory tests (Zasetsky et al., 2007) we have shown
that this procedure returns accurate and unique size distributions for all components if 20
the signal to noise ratio is not too low. Both the sample complexity and the signal to
noise aﬀect the success of any given retrieval , but as an example, in recent laboratory
experiments on the ice/water system, we have demonstrated the ability of the proce-
dure to determine the relative amounts of ice crystals and water droplets in an ice/water
aerosol to a level of better than ±3–5% in the presence of water vapour at tempera- 25
tures between −40
◦C and 0
◦C. For remote sensing applications such as the present
one, the errors in the retrievals are largely determined by interference from the spectra
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of the gas phase components. Since this interference is in the high frequency part of
the signal, we use a wavelet ﬁlter that retains only the low frequency components as
the ﬁrst step in the analysis.
The reference spectra, K, are a set of 96 monodisperse spectra for each chemical
component sought. In this case, they cover the size range from 0.05µm to 12µm. 5
The lower limit in this range is determined by the shortest wavelengths in the observed
spectrum because for particle sizes much smaller than the shortest wavelength, there
is too little scattering to give size information. In the case of this work, the inclusion of
the visible/NIR wavelengths detected by the imagers extended the measurable particle
size range down to 0.05µm. The upper limit is the size at which the change in the 10
particle spectrum with increasing size becomes smaller than the noise. Since the noise
in these remote sensing measurements is largely due to gas phase interference, this
upper limit is altitude dependent, but we have taken 12µm as a reasonable average
value for these measurements.
The reference spectra of liquid droplets are computed using the Mie approximation 15
(Bohren et al., 1983); for solid hydrates and ice particles, the discrete dipole tech-
nique (Draine et al., 1994) was used. The indices of refraction for the STS droplets
were obtained from Biermann et al. (2000) and those for the crystalline hydrates were
calculated using the refractive indices of Niedziela et al. (1998) for NAD, Carslaw et
al. (1995) for NAT and Clapp et al. (1995) for ice. In order to include the extinction data 20
in the near infrared and visible region, the refractive indices were extended to higher
frequencies by the subtractive Kramers-Kronig integration technique with the anchor
point value (refraction at inﬁnite frequency n∞) taken from Luo et al. (1996) for the STS
system and from Warren (1984) for ice. The value of n∞ for NAT was taken to be 1.44
at 15822.7cm
−1 (Toon et al., 1994). 25
The imagers consist of two channels at 0.527 and 1.020µm. The detectors in these
channels are ﬁltered 256×256 pixel CMOS arrays that are binned by a factor of 2 or 4
during use. The total imager ﬁeld of view is 30mrad, or a little more than three times the
angular diameter of the Sun. By comparison, the FTS ﬁeld of view is about 1.25mrad.
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During an occultation, the two imager channels provide line-of-sight total transmission
measurements coaxial with the FTS observation by taking ratios of the intensities of the
sun images with an exo-atmospheric sun image (Gilbert et al., 2006). These line-of-
sight transmission proﬁles are inverted to produce altitude proﬁles of total atmospheric
extinction, which is one of the standard data products from the SciSat mission (Boone 5
et al., 2005). For the present work, the two imager measurements were combined
with the infrared spectra to extend the high frequency end of the spectral range from
4170cm
−1 to 18975cm
−1, thereby extending the range of particle sizes that could be
retrieved down to 0.05µm, as mentioned above.
Correction for the absorption by O3 and NO2 at 0.527µm was done using the vertical 10
VMR proﬁles from the ACE level 2 data (Boone et al., 2005) and the temperature
dependent cross-section values from Burkholder et al. (1994); Harder et al. (1997).
The Rayleigh scattering contribution by air was also subtracted from the total extinction
using the method described in Bucholtz (1995) The continua of water vapor, nitrogen,
oxygen, carbon dioxide, and ozone were computed using the MT CKD model (Mlawer 15
et al., 2004) and subtracted from the total extinction. The temperatures and tangent
heights used are those provided by the ACE level 2 retrieval (Boone et al., 2005).
The total error is computed as a combination of the statistical error of the least
squares ﬁtting and the uncertainty associated with the particle shape and the ﬁnite
length of the spectral region. We refer readers to our recent work for more details 20
(Zasetsky et al., 2007).
4 Results
Figure 1 illustrates the atmospheric extinction at two altitudes for observations having
a PSC in the ﬁeld of view (left side) and those of cloud-free scenes (right side). The
raw ACE-FTS spectra are shown by the grey lines. The black dotted line shows the 25
spectra after the intense gas phase lines are reduced using a wavelet ﬁlter (Zasetsky
et al., 2004). These dotted spectra are the input to the retrieval procedure. The latter
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applies a weight function to de-emphasize dense bands such as those near 1000,
2400, 3600 and 3700cm
−1, which are so heavily overlapped that they appear to be
continua. The procedure then calculates a least squares ﬁt to the dotted spectrum
using the reference spectra of the chemical components that have been selected for
the retrieval. The superposition of reference spectra giving the best ﬁt is shown by 5
the black solid line in each panel. Clearly, this reproduces most of the variation in the
baseline, and thus can be taken to represent the signature of the PSC.
The fact that the best ﬁt spectrum does not reproduce the dotted one exactly illus-
trates an important point about the approach. The dotted spectrum is only an ap-
proximation to the true condensed phase spectrum – it contains residual gas phase 10
interference, for example – but this need not have an adverse eﬀect on the retrieval.
Because the centre frequencies of the absorption bands in the reference spectra of
a speciﬁc chemical component do not vary much with particle size, the locations of
these features give reliable information about the chemical composition. Similarly, the
size information is contained in the widths (and sometimes the shapes) of the extinc- 15
tion bands. As a result, if the reference spectra of a given component reproduce one
or more of the major features in the measured spectrum, then the presence of that
component in the observed sample can be considered to be proven. Moreover, if all
signiﬁcant features in the measured spectra are reproduced, then it can be concluded
that the composition of the sample has been determined. The relative intensities of 20
the characteristic features, of course, give the amount of that component present in the
sample. On this basis, we have retrieved the compositions of six representative clouds
at the altitudes of their maximum intensities and listed these in Table 1.
5 Discussion
The ACE observations of Arctic PSCs for this time period can be divided into two 25
types. One type features an enhanced aerosol extinction intensity greater than
0.25×10
−2 km
−1 throughout the entire ACE-FTS wavenumber range. The high ex-
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tinction and relatively featureless spectrum suggests the presence of large (>1µm)
aerosol particles (there is little structure in the spectra of large particles). The other
and more common type of observation has a smaller average atmospheric extinction
on the order of 10
−3 km
−1 or less and more structure in the spectrum, suggesting the
presence of smaller particles. 5
The most optically dense clouds were located at 65
◦ N, 25
◦ E (observed on 28 Jan-
uary 2005) and at 65
◦ N, 25
◦ E (26 January 2005). Our retrieval shows that the aerosol
contribution to the total extinction in these clouds is dominated by ice particles, which
constitute about 70% of the total aerosol volume. The retrieved condensed phase
spectrum of the ﬁrst of these clouds is shown as the grey plot in Fig. 2. The vertical 10
extent of the cloud is from 18km to 23km. The maximum cloud density is at 21km
and the best ﬁt and volume size distributions at this altitude are shown in Figs. 2 and 3,
respectively. The FTS measurement (after wavelet ﬁltering and retention of the smooth
component) is shown by the wide grey curve between 800 and 4000cm
−1. (The width
of this curve reﬂects the random noise in the retrieved signal.) This shows that the 15
condensed phase extinction intensity is above 0.25×10
−2 m
−1 throughout the entire
FTS wavenumber range The two points derived from the imager measurements are
shown near 10000 and 20000cm
−1. The hatched rectangles are regions of heavy
gas phase interference that have been assigned weights of zero in the retrieval. The
best ﬁt spectrum is given by the solid black line and the spectra of the two components 20
(NAT and ice) that make up the total retrieved spectrum are also shown as dashed
and dotted curves respectively. The band near 820cm
−1 (see inset) is characteristic
of NAT (Hopfner et al., 2002). Although this band exists in both the liquid and crys-
talline states, it is much weaker in liquids. On the basis of the strength of the band and
the fact that it is centered at 820cm
−1, we conclude that NAT and not liquid nitric acid 25
solution is present. Similarly, this band shows that the particles are not nitric acid di-
hydrate (NAD) because the maximum in the corresponding band for NAD is at a lower
frequency (about 810cm
−1). NAT alone is not adequate to reproduce completely the
observed spectrum, however. Ice must also be included in the retrieval to achieve the
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best ﬁt, which is shown by the black line superimposed on the measured spectrum.
Figure 3 shows the size distributions of the ice and NAT particles that were obtained
from the least squares retrieval. The ice component is the larger mode – the maxi-
mum in this volume size distribution is centered at a radius of about 5µm. The NAT is
smaller, with a size distribution that peaks near 1µm. Due to the nature of the occulta- 5
tion measurement, it is not possible to determine whether the ice and NAT components
are physically separated along the horizontal line of sight – and hence are an exter-
nal mixture – or whether they are present in the same region of space. In the latter
case, they could either be an external mixture of ice and NAT particles or an internal
mixture of ice and NAT that originates from the freezing of dilute HNO3 droplets. Lab- 10
oratory studies of the phase diagram of dilute HNO3 aerosol droplets at stratospheric
temperatures have shown (Dickens et al., 2002) that for HNO3 mole fractions in a nar-
row range near about xHNO3∼0.10, ice forms ﬁrst in the droplet and NAT deposits on
the ice nuclei as the supernatant solution becomes more concentrated. This is a very
narrow region in the phase diagram, however, and while it cannot be ruled out, this 15
process must be considered to be very unlikely. It is thus most probable that the clouds
observed are composed of an external mixture of ice and NAT particles.
The extinction spectrum recorded in occultation number sr7818 (17 February 2005;
71
◦ N/45
◦ E) is shown in Fig. 4. The best ﬁt, which is obtained using reference spectra
of liquid STS particles, is included as the black line. The corresponding volume size 20
distribution, which peaks near 0.3µm, is shown in Fig. 5. The results shown in Figs. 3
and 5 represent the most common compositions retrieved from the ACE observations.
In addition to these, pure ice clouds were sometimes retrieved as well. In all cases
where ice clouds were observed, the particle sizes were larger by a factor of 2 to 4
than those of other compositions. 25
Although our retrieval procedure does not impose any constraints (except smooth-
ness) on the shapes of the size distributions, we often ﬁnd that the distributions have
a near lognormal shape – they are close to a Gaussian or a sum of Gaussians when
plotted on a logarithmic axis. It is not clear if this is an intrinsic property of the clouds
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induced, for example, by the dynamics of the vortex or the kinetics of particle growth
and evaporation, but the observation is persistent over several dozens of observations.
6 Conclusion
We have presented the ﬁrst retrievals of PSC compositions and size distributions ob-
tained by combining the mid-IR spectral measurements of the ACE FTIR instrument 5
with the NIR and visible Imagers on the SCISAT satellite. The addition of the NIR and
visible extinction increases the accuracy in the determination of the size distributions
of the smaller NAT and STS particles.
We present two cases that are typical of the results we have obtained to date. The
PSCs most commonly observed consist of an STS aerosol with small droplets having 10
radii less than about 0.5µm and usually near 0.2–0.3µm. These clouds are found at
higher temperatures of 195–198K. The other, less common clouds are composed of
solid particles having the composition of NAT and/or ice. These are found at tempera-
tures below about 195K. The NAT particles have radii on the order of 1µm and in the
observations we have analysed to date; they are always smaller than the ice particles, 15
which usually have average radii of 4–6µm.
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Table 1. The properties of PSCs observed by ACE between 24 and 28 January 2005.
Occultation N Lat/Lon Date NAT (µm
3/cm
3) STS (µm
3/cm
3) Ice (µm
3/cm
3)
sr7814 64.9/52.8 24 Jan – 1.6 –
sr7829 65.0/46.1 25 Jan – 1.5 0.2
sr7843 65.2/63.7 26 Jan – 1.5 –
sr7845 65.2/14.8 26 Jan 3.7 – 6.5
sr7859 65.3/32.3 27 Jan – 2.7 0.3
sr7874 65.5/25.3 28 Jan 2.4 2.8
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Figure 1.  Comparison between the spectrum of an optically dense PSC (left panels) and typical 
cloud free (right panels) observations.  Raw ACE-FTS spectra are shown by the gray line.  Solid 
black and dotted black lines are the best fits and smooth components of these spectra, 
respectively  
Fig. 1. Comparison between the spectrum of an optically dense PSC (left panels) and typical
cloud free (right panels) observations. Raw ACE-FTS spectra are shown by the gray line.
Solid black and dotted black lines are the best ﬁts and smooth components of these spectra,
respectively.
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Figure 2.  Combined ACE-FTS and Imager (occultation number sr7874, 28/01/2005, 65
oN/ 25
oE 
extinction data together with the best fit for an ice cloud.  Inset shows the characteristic NAT 
band near 820 cm
-1.  The NAT and Ice contributions are shown by the dashed and dotted lines, 
respectively. The temperature of the observation was approximately 188 K. 
Fig. 2. Combined ACE-FTS and Imager (occultation number sr7874, 28 January 2005,
65
◦ N/25
◦ E extinction data together with the best ﬁt for an ice cloud. Inset shows the char-
acteristic NAT band near 820cm
−1. The NAT and Ice contributions are shown by the dashed
and dotted lines, respectively. The temperature of the observation was approximately 188K.
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Figure 3.  Size distribution - occultation number sr7874, 28/01/2005, 65
oN/ 25
oE.  Fig. 3. Size distribution – occultation number sr7874, 28 January 2005, 65
◦ N/25
◦ E.
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Figure 4.  Combined ACE –FTS and Imager (occultation number sr7818, 17/02/2005, 71
oN/ 
45
oE) extinction data together with the best fit for a STS cloud.  The temperature retrieved for 
this observation is 198 K. 
Fig. 4. Combined ACE–FTS and Imager (occultation number sr7818, 17 February 2005,
71
◦ N/45
◦ E) extinction data together with the best ﬁt for a STS cloud. The temperature re-
trieved for this observation is 198K.
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Figure 5.  Size distribution - occultation number sr7818, 17/02/2005, 71
oN/ 45
oE. 
 
Fig. 5. Size distribution – occultation number sr7818, 17 February 2005, 71
◦ N/45
◦ E.
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